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Abstract
In this paper, we study an enhanced subspace based approach for the mitigation of multiple access in-
terference (MAI) in direct-sequence code-division multiple-access (DS-CDMA) systems over frequency-
selective channels. Blind multiuser detection based on signal subspace estimation is of special interest in
mitigating MAI in CDMA systems since it is impractical to assume perfect knowledge of parameters such
as spreading codes, time delays and amplitudes of all the users in a rapidly changing mobile environment.
We develop a new blind multiuser detection scheme which only needs the priori knowledge of the signature
waveform and timing of the user of interest. By exploiting the improper nature of multiple access interference
(MAI) and intersymbol interference (ISI), the enhanced detector shows clear superiority to the conventional
subspace-based blind multiuser detector. The performance advantages are shown to be more obvious in
heavily loaded systems when the number of active users is large.
1 Introduction
It is well known that CDMA communication systems are
interference limited, that is, the system capacity is limited
by the multiple access interference (MAI) [1]. In the re-
cent decade, there have been significant efforts in devel-
oping multiuser detection technologies to overcome the
MAI problem. The maximum likelihood sequence esti-
mator is the optimum detector in terms of bit error rate
(BER) performance [1], but its complexity grows expo-
nentially with the number of users, which is prohibitive
for practical implementation. Linear multiuser detectors,
such as the decorrelating detector [2, 3] and the minimum
mean square error (MMSE) detector [4], are suboptimum
solutions, but they have low complexity, which only grows
linearly with the number of users. An adaptive MMSE
detector was introduced in [5] based on training sequence
and the stochastic gradient descent training algorithm. The
need for training sequence is further avoided in the blind
multiuser detection scheme proposed in [6], where a blind
MMSE detector is developed by minimizing the mean out-
put energy (MOE) subject to an orthogonality constraint.
Another approach to blind detection is based on subspace
estimation. In [7, 8], the decorrelating detector and the
MMSE detector are expressed in closed forms of the sig-
nal subspace components, and it was shown that com-
pared with the previous MOE blind multiuser detector, the
proposed subspace-based blind multiuser detector offers
lower computational complexity, better performance and
robustness against signature waveform mismatch.
In practical high-speed wireless communications, the
intersymbol interference (ISI) caused by multipath prop-
agation imposes significant concern. One way to over-
come the effect of ISI is to employ multicarrier technique
to transform a frequency selective fading channel to flat
fading channels [9]. However, since the multipath sig-
nals become non-resolvable, the multicarrier approaches
forgo the opportunity to make use of the effective multi-
path diversity gain. RAKE receiver is commonly used to
solve the multipath problem [10], but it is optimum only
in single-user systems. For multiuser systems, the RAKE
structure is still applicable but the matched filters in the
front end are replaced by linear multiuser detectors [11].
In [12], the ISI is modelled as virtual MAI and detectors
in expanded subspace are derived to simultaneously sup-
press MAI and ISI. The expanded detectors are not lim-
ited by the channel length, meanwhile, they maintain the
desirable properties of distributed implementation without
detection delays.
It has been shown that under certain conditions, the
performance of linear multiuser receivers can be sig-
nificantly improved if not only the received signal, but
also its complex conjugate is processed. The resulting
schemes are commonly referred to as widely linear (WL)
receivers. The application of widely linear processing
(WLP) was first developed for improving performance
of DS-CDMA systems with improper data modulation,
such as pulse-amplitude modulation (PAM), offset quadra-
ture phase shift keying (OQPSK), offset quadrature ampli-
tude modulation (OQAM), and binary phase-shift-keying
(BPSK), etc.. For example, it was shown in [13] that for
systems employing BPSK modulation, full exploitation of
the available information on the second-order statistics of
the observations entails the use of WLP, and the resulting
scheme outperforms the other schemes currently known in
the literature. It was shown in [14] that OQPSK modula-
tion generates improper complex MAI and the application
of WLP to the OQPSK modulated CDMA systems yields
remarkable output signal-to-noise ratio (SNR) gains over
linear receivers. Similar conclusions were made for a WL
MOE receiver derived in [15]. The application of WLP to
the complex modulation schemes was addressed in several
papers, e.g., in [16, 17] where WLP was applied to com-
plex signals which become improper by space-time block
coding or widely linear space-time mapping. A novel iter-
ative multiuser detector for DS-CDMA systems with com-
plex modulation schemes was proposed in [18]. Due to
the fact that the residual MAI becomes improper when
soft decision feedback is used to cancel the MAI, the em-
ployment of WLP achieves significant gains in power effi-
ciency and improves convergence speed.
In this paper, we further develop the algorithm pre-
sented in [7,8] and derive a blind multiuser detector using
the subspace components derived from both the autocor-
relation and pseudo-autocorrelation matrices of observa-
tions. Results show that by exploiting the additional in-
formation contained in the pseudo-autocorrelation matrix
and by utilizing the improperness of the MAI and ISI, a
noticeable performance gain can be attained compared to
the conventional blind detector previously proposed in the
literature. The rest of the paper is organized as follows.
The system model is presented in Section 2. The conven-
tional blind detection scheme based on subspace approach
is briefly reviewed, and an improved blind detector is de-
veloped in Section 3. Section 4 presents the simulation
results, and finally, the conclusions are drawn in Section 5.
Throughout this paper, we adopt the following nota-
tions: (·)H matrix conjugate transpose, (·)T matrix trans-
pose, (·)∗ matrix conjugate, E[·] expectation operation, C
complex filed.
2 System Model
Consider a DS-CDMA system employing BPSK modula-
tion to transmit signals through multipath channels. The
symbol interval and chip interval are denoted by T and Tc,
respectively. The kth user’s spreading waveform is
ck(t) =
N−1∑
n=0
ck(n)ψ(t− nTc), t ∈ [0, T ], k = 1, . . . ,K,
where K denotes the number of users; N = T/Tc is the
spreading factor; {ck(n)}N−1n=0 is the normalized signature
code assigned to the kth user; ψ(t) is a normalized chip
waveform defined in [0 Tc]. The multipath channel is
modeled by a tapped delay line with tap spacing 1/W [11]
(W is the bandwidth of the spread-spectrum signals) and
tap coefficients {hk(l)}L−1l=0 , where L is the number of re-
solvable paths for each user. We consider the case when
W = 1/Tc, L = dTm/Tce, where Tm is the multipath de-
lay spread, and dxe denotes the value obtained by round-
ing x to the nearest integer which is greater or equal to
x. Transmitting the signals through the multipath channel,
the received signal due to the kth user is given by
yk(t) =
∞∑
i=−∞
Akbk(i)
L−1∑
l=0
hk(l)ck(t− iT − l/W − τk),
where Ak, bk(i) and τk are the amplitude, the ith transmit-
ted information bit, and the transmission delay of the kth
user, respectively; bk(i) ∈ {+1,−1} follows identical in-
dependent distribution (i.i.d.). For simplicity, the detectors
in this paper are derived for the case when τk = 0. The to-
tal received signal is the superposition of the information-
bearing data signals of K users plus the additive white
Gaussian noise (AWGN), i.e., r(t) = ∑Kk=1 yk(t) + v(t),
where v(t) is the zero-mean white Gaussian noise with
variance σ2. After chip-matched filtering followed by
chip-rate sampling, the discrete-time format of the re-
ceived signal is given by
r(j) =
K∑
k=1
yk(j) + v(j), (1)
where
yk(j) =
∞∑
i=−∞
Akbk(i)sk(j − iN);
sk(n) =
L−1∑
l=0
hk(l)ck(n− l); (2)
v(j) =
∫ (j+1)Tc
jTc
v(t)ψ(t− jTc)dt. (3)
On the transmitter side, the energy of each symbol is
limited in duration NTc. However, on the receiver side,
the energy is spread over an extended interval (N + L −
1)Tc due to the channel convolution effect, which can be
observed from (2). We aim to design a multiuser detector
that detects the signals in a symbol-by-symbol fashion and
employ a processing window of length N+L−1 to model
the received signal in a vector form. Falling within the
window are not only the information bits for the current
time instant, but also those before and after the current
time instant. The received signal vector thus contains ISI
from the past as well as the future symbols. In order to
describe it quantitatively, we define P = d(L − 1)/Ne.
Then, 2P + 1 symbols from the desired user are included
in the processing window of length N + L− 1, including
the current symbol, P symbols before and P symbols after
the current symbol. Taking into account of all the K users,
there are (2P + 1)K symbols involved in detecting one
symbol of the desired user. The (N + L − 1)-element
received signal vector can be expressed as
r(i) =
K∑
k=1
yk(i) + v(i), (4)
where
yk(i) = Akbk(i)sk +
P∑
j=1
Akbk(i− j)sk,j
+
P∑
j=1
Akbk(i+ j)sk,j ;
sk =
[
sk(0) . . . sk(N + L− 2)
]T
;
sk,j =
[
sk(jN) . . . sk(N + L− 2) 0 . . . 0
]T
;
sk,j =
[
0 . . . 0 sk(0) . . . sk(N + L− 2− jN)
]T
;
v(i) =
[
v(iN) . . . v(iN +N + L− 2)
]T
.
Define
sk =
[
sk,1 . . . sk,P
]
; sk =
[
sk,1 . . . sk,P
]
;
S =
[
s1 s1 s1 s2 s2 s2 . . . sK sK sK
]T
;
A = diag{A1 . . . A1︸ ︷︷ ︸
2P+1
A2 . . . A2︸ ︷︷ ︸
2P+1
. . . Ak . . . Ak︸ ︷︷ ︸
2P+1
};
bk(i) =
[
bk(i) . . . bk(i− P ) bk(i+ 1) . . . bk(i+ P )
]
;
b(i) =
[
b1(i) . . . bK(i)
]T
,
then (4) can be written in a compact form as
r(i) = SAb(i) + v(i). (5)
In (5), bk(i), bk(i − j), bk(i + j) are all from the kth
user. However, they can be regarded as statistically in-
dependent signals from different users which include the
kth user with modified signature codes sk, and 2P virtual
users with signature codes sk,j and sk,j . For the signal
model expressed by (5), a linear multiuser detector for the
kth user is in the form of a correlator followed by a hard
limiter bˆk(i) = sgn(mHk r(i)), where mk ∈ CN+L−1.
3 Blind multiuser detectors
We focus on blind detection schemes in this work, i.e.,
the detector mk is derived only based on the parameters,
e.g., the signature waveform of the desired user. Blind
decorrelating detectors and blind MMSE detectors based
on subspace estimation were introduced in [7,8]. It is well-
known fact that decorrelating detectors have the noise
enhancement problem and inferior performance to their
MMSE counterparts, especially at how SNRs. For the pur-
pose of this study, we will only consider blind MMSE de-
tection schemes.
3.1 Conventional blind MMSE detector
Assume that user 1 is the user of interest. The linear
MMSE multiuser detector m1 of user 1 minimizes the
MSE
 = E[|A1b1 −m
H
1 r|
2], (6)
subject to mH1 s1 = 1. In order to derive the solution
to (6), we perform eigen-decomposition of the autocor-
relation matrix
Crr = E[rr
H] =
[
Us Un
] [Λs 0
0 Λn
] [
UHs
UHn
]
= UsΛsU
H
s +UnΛnU
H
n ,
where Λs is a (2P + 1)K × (2P + 1)K diagonal ma-
trix with positive diagonal elements, it contains the largest
eigenvalues of Crr that are greater than σ2, and Us is
(N+L−1)×(2P+1)K matrix containing the correspond-
ing orthonormal eigenvectors; Λn = σ2I (where I is an
identity matrix) contains eigenvalues that are equal to σ2,
and Un contains the corresponding orthonormal eigenvec-
tors. The columns of Us span the signal subspace and the
columns of Un span the noise subspace. It can be shown
that S and Us have the same rank and span the same sub-
space. If sk, sk,j and sk,j , k = 1, . . . ,K are linearly inde-
pendent, the signal subspace is C(N+L−1)×(2P+1)K , it is
an expanded signal subspace compared to the signal sub-
space CN×K for AWGN channel. The solution to (6) is
given by [7, 8]
m1 = A
2
1UsΛ
−1
s U
H
s s1. (7)
As shown by (7), the conventional blind MMSE detec-
tor can be expressed in closed form in terms of signal sub-
space components Λs and Us, as well as the first user’s
effective signature waveform s1.
3.2 Improved blind MMSE detector
For a complex random vector r, its second-order statistics
are completely characterized by its autocorrelation matrix
Crr = E[rr
H] as well as the pseudo-autocorrelation ma-
trix C˜rr = E[rrT ] [19]. Most existing studies on re-
ceiver algorithms (including the one presented previously
in Section 3.1) only exploit the information contained in
the autocorrelation function of the observed signal. The
pseudo-autocorrelation matrix C˜rr is usually not consid-
ered and is implicitly assumed to be zero. While this is
the optimum strategy when dealing with proper complex
random processes (i.e., when pseudo-autocorrelation C˜rr
is vanishing) [20], it turns out to be sub-optimum in sit-
uations where the transmitted signals and/or interference
are improper complex random processes (i.e., C˜rr is non-
vanishing), for which the performance of a linear receiver
can generally be improved by the use of WLP [21]. Next,
we show how the performance of a blind MMSE detector
can be improved by applying WLP and by incorporating
the pseudo-autocorrelation function to the detection algo-
rithm. For the improved blind detector, we re-define the
MMSE criterion as follows
′ = E[|Re{m
H
1 r} −A1b1|
2], (8)
subject to Re{mHs1} = 1. The reasoning for this modifi-
cation is that a conventional MMSE filter yields a complex
valued filter output. However, only the real part of this
output is relevant for the decision in a system with real
valued constellation. Minimization of (8) will result in a
better estimator than the one designed under the criterion
expressed by (6) since ′ <  [22]. Note that
Re{mHr} =
1
2
[mHr+ (mHr)∗] =
1
2
[mHr+mT r∗]
=
1
2
[
mH mT
] [ r
r∗
]
=
1
2
[
m
m∗
]H [
r
r∗
]
=
1
2
wHy.
Similarly, Re{mHs1} can be expressed as
Re{mHs1} =
1
2w
Hs′1, where s′1 =
[
s1 s
∗
1
]T
.
With the method of Lagrange multipliers, we obtain
λ(w) = E{|Re{m
Hr} −A1b1|
2} − µ(wHs′1 − 1)
= E{(0.5w
Hy −A1b1)(0.5w
Hy −A1b1)
∗}
− µ(wHs′1 − 1)
= 0.25wH E{yy
H}w − 0.5A1w
H
E{yb1}
− 0.5A1 E{b1y
H}w +A21 − µ(w
Hs′1 − 1)
= 0.25wHCyyw − (0.5A
2
1 + µ)w
Hs′1
− 0.5A1s
′H
1 w + (A
2
1 + µ),
where µ is the Lagrange multiplier and
Cyy = E{yy
H} = E
{[
r
r∗
] [
rH rT
]}
= E
{[
rrH rrT
r∗rH r∗rT
]}
=
[
Crr C˜rr
C˜∗
rr
C∗
rr
]
.
Differentiating λ(w) with respect to w yields
∂λ(w)
∂w
= 0.25(Cyyw)
∗ − 0.5A1s
′∗
1 . (9)
The above equation holds since
∂wHCyyw
∂w
= (Cyyw)
∗,
∂wHs′1
∂w
= 0;
∂s′H1 w
∂w
= s′∗1 .
Setting (9) to zero yields the optimum detector for the
first user
w1 = 2A1C
−1
yy
s′1. (10)
By performing eigen-decomposition of Cyy, we obtain
Cyy = U
′
sΛ
′
sU
′H
s +U
′
nΛ
′
nU
′H
n , (11)
where U′s is 2(N + L − 1) × (2P + 1)K matrix whose
columns are the eigenvectors of the signal subspace, and
Λ′s is a (2P+1)K×(2P+1)K diagonal matrix whose di-
agonal elements are the corresponding eigenvalues; while
the columns of U′n are eigenvectors of the noise sub-
space, and Λ′n contains the corresponding eigenvalues.
The improved blind MMSE detector is derived by substi-
tuting (11) into (10)
w1 = 2A
2
1U
′
sΛ
′−1
s U
′H
s s
′
1. (12)
The above equation holds since U′Hn s′1 = 0, i.e., s′1
belongs to the signal subspace, and is orthogonal to the
noise subspace.
Note that with the conventional linear MMSE algorithm
expressed by (7), the detector is derived only using the
subspace components obtained from the autocorrelation of
the observation Crr. The pseudo-autocorrelation matrix
C˜rr is implicitly assumed to be zero. In the case of trans-
mitting real-valued data over complex-valued channel, the
pseudo-autocorrelation matrix C˜rr is non-vanishing [22]
and utilization of the improperness property of the re-
ceived signal will consequently lead to a better perfor-
mance.
In practice, the eigen-components of the sample auto-
correlation and pseudo-autocorrelation matrices based on
n received signal vector
Crr ≈
1
n
n∑
i=1
r(i)rH(i); C˜rr ≈
1
n
n∑
i=1
r(i)rT (i),
(13)
are used for constructing the subspace-based blind detec-
tor. The longer batch length n, the more accurate estimates
of Crr and C˜rr, but at the same time, longer processing
delays.
4 Numerical Results
Simulation results are presented in this section to demon-
strate the effectiveness of the proposed scheme. In our
simulations, user 1 is assumed to be the desired user. The
spreading codes are randomly generated and normalized,
and the spreading gain is N=31. The complx channel co-
efficients of each user are randomly generated and nor-
malized and have exponential decay profile. We consider
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Figure 1: Performance comparison in multipath fading
channels (K = 10, L = 11, n = 5000).
balanced transmission, i.e., the amplitude Ak is equal for
all the users. Perfect knowledge of the first user’s channel
impulse response is assumed in our simulations. During
each Monte-Carlo run, the block size is set to 50000 bits,
of which n = 5000 are used to estimate the signal sub-
space. All presented results are averaged over at least 100
Monte Carlo simulations.
In Fig. 1, we compare the performance of the con-
ventional blind MMSE detector and the proposed blind
MMSE detectors at different SNR levels for a K = 10
user system in a L = 11-path channel. One can see from
the figure that the proposed blind detector achieves a gain
up to 1 dB compared to the conventional blind detector.
As will become evident later on, further gain is attainable
by increasing the batch length n. The performance gap
tends to increase as the SNR level increases.
The impact of the batch length n for subspace estima-
tion is examined in Fig 2, where the parameters are set to
be K = 10, L = 11, Eb/N0 = 12 dB. The performance
of the conventional detector tends to get saturated after the
batch length goes beyond 4000, whereas the performance
of the proposed detector continues to improve beyond this
point.
The system capacity, i.e., the number of users that can
be supported by a system with acceptable BER, for the two
detectors, is examined in Fig. 3. The number of multipath
and SNR value are set to be L = 28 and Eb/N0 = 12
dB, respectively. Apparently, the proposed detector in-
creases the system capacity significantly compared to the
conventional detector. For instance, with a target BER
= 10−4/10−5, around 18/13 users can be supported by
the proposed scheme, whereas only 14/9 users can be sup-
ported by the conventional scheme. Another important
discovery is that the performance gap between the two
1000 2000 3000 4000 5000 6000 7000
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Conv. BMMSE
Improved BMMSE
Figure 2: BER vs. batch length for subspace estimation
(K = 10, L = 11, Eb/N0 = 12 dB).
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Figure 3: Comparison of system capacity (L = 28, n =
5000, Eb/N0 = 12 dB).
schemes becomes more obvious as the number of users
increases, meaning that it is more advantageous to apply
the proposed blind detection scheme in a heavily loaded
system.
5 Conclusions
A new interference mitigation scheme based on signal
subspace estimation is developed for DS-CDMA systems
in frequency-selective channels. The blind algorithm pro-
posed in this paper only requires the knowledge of the sig-
nature waveform and timing of the desired users. It does
not need any training nor require the spreading codes and
time delays of the other users. Its simplicity makes it at-
tractive for mobile units as well as the centralized detector
in a based station of a cellular mobile network. Comparing
to the conventional subspace-based blind multiuser detec-
tor, the proposed blind detector achieves a superior per-
formance by exploiting the improper nature of MAI and
ISI. We also show that the performance advantages ob-
tained by applying the proposed scheme increases when
the number of active users becomes larger, which makes it
a preferred choice for heavily loaded DS-CDMA systems.
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